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INTRODUCTION

Importance of River Ecosystems for Humans
River ecosystems cover only a tiny portion of the Earth surface. At any moment, they contain about 0.0002 % of all water. Still, their relevance is much larger than their size. Rivers have been key elements in the history of humanity, since people drank water
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ACTA BIOLÓGICA COLOMBIANA from the rivers, foraged in their fertile floodplains, fished and hunted in their channels, or used them as waterways for transportation. With the development of agriculture, most civilizations occupied the river banks and cultivated the floodplains taking profit of the fertilizing effect of floods. With time, rivers were used for irrigation, as a source of energy, and as a source of raw materials, from fish to minerals. Changes accelerated since the Industrial Revolution (Steffen et al., 2007) , and development occurred at the expenses of river ecosystems, which have been overharvested and degraded in multiple ways. Today river ecosystems provide essential benefits and services to society, including water purification, transport and transformation of organic matter and other materials, nutrient cycling, flood control, and others (Costanza et al., 1997) . Some of these services, such as water purification or fish production, have clear monetary value, whereas for some others such as biodiversity this is less obvious. The services provided by ecosystems are based on the biophysical processes occurring in the river, and these depend on the elements (species, guilds) and functioning of the ecosystem. The value of these services is increasingly recognized and is leading to restoration projects tailored to improve ecosystem functioning (Palmer and McDonought, 2013) . The economic benefits of river restoration can indeed be larger than its costs. For instance, Acuña et al., (2013) assessed the economic benefits of restoring channel complexity in forested streams draining into a drinking water reservoir, and reported that channel restoration increased the value of streams 10-to 100-fold in terms of sediment retention, self-purification capacity, fish provision, and opportunities for recreation. Even this limited list of services in that stream accounted for recovery times of a few decades of the money invested in restoration. Biodiversity is an essential part of ecosystem health, together with ecosystem functioning (Karr, 1999) . Rivers maintain an extremely rich biodiversity, as 40 % of the total fish diversity and one third of global vertebrate diversity (i.e. including amphibians, reptiles and mammals) inhabit freshwater ecosystems (Dudgeon et al., 2005) , even more if we include riparian areas (Naiman and Décamps, 1997) . The role of species in the climate regulation and the cycle of elements amongst other functions make essential their preservation.
Characteristics of River Ecosystems Important for Their Conservation
Rivers are transport-driven ecosystems: they transport and process water and other materials, dissolved and particulate, organic and inorganic. These materials ultimately come from their drainage basins, what makes rivers intimately dependent on the characteristics of these basins and sensitive to all human impacts occurring there. Additionally, rivers are hierarchically organized. River networks are dendritic, small tributaries merging to form larger rivers. This spatial organization has strong implications for river conservation, as impacts such as pollution tend to travel fast downstream, and the communities of nearby headwater reaches can only contact each other through long-distance travel, first downstream to the main river stem, and again upstream. Because of their hierarchical arrangement, biological communities exhibit longitudinal transitions along the river; these are predictable in general terms, but their details depend on specific features of individual rivers. This longitudinal transition on species is one reason why rivers sustain so much biodiversity. Rivers are dynamic systems, and this dynamism depends on the periodic occurrence of floods and droughts. Floods are important disturbances for species, since they dislodge the sediments, scour organisms downstream, and dramatically change the characteristics of the environment. Therefore, riverine species have adapted through natural selection to the specific hydrologic regime of their habitats, to the frequency, magnitude, duration and seasonality of flood and droughts in a given river (Poff et al., 1997) . In small streams floods are ephemeral, and hardly predictable, but in large rivers the flood pulse may last for months and is highly predictable, governing many of features of the biological communities (Junk et al., 1989) . Also important is the fact that floods are the main factors shaping the river channels, creating habitats such as bars, meanders or backwaters. All this makes floods and river dynamism an essential part of the habitat templet for organisms (Townsend and Hildrew, 1994) . According to Ward (1989) , four dimensions need to be considered when studying and managing rivers. In the longitudinal dimension, rivers change from source to mouth, both in physical characteristics of the channel and in the associated biological communities. In the vertical dimension, rivers are tightly linked to underground water, including hyporheic habitats. In the lateral dimension, rivers are not limited to the channel, but also include their margins and floodplains. In the temporal dimension, rivers are in constant change, including short-lived flood pulses, seasonal variations in habitat characteristics, long term migration of channels, and so on. Maintenance of this multi-scale temporal variability is essential for river health. Meyer (1997) adds a further relevant dimension: the social or human context. Rivers are affected directly or indirectly by multiple human activities, and effective river conservation cannot be based solely on the needs of wildlife. Indeed, river conservation must take account of the needs and interests of people living along their banks and within the drainage basin.
The main threats to river conservation Among the main threats to river conservation are alterations of the water flow. Rivers are dynamic ecosystems, and change is an essential characteristic of healthy riverine ecosystems (Karr, 1999) . This dynamism is again based on the hydrological regime, and its interaction with the physical setting of the river. This often collides with the human will to avoid changes, leading to bank reinforcement, floodplain simplification, or damming.
Human activities deeply affect the global water cycle, modifying the amount of water and the seasonality of flood and drought periods, both essential components of river health. Today, about 15 % of the world's total runoff (40 000 km 3 y -1 ) is retained in 45 000 large dams, greater than 15 m in height (Nilsson et al., 2005) , and a further 10% is abstracted (Vörösmarty and Sahagian, 2000) . As a result of these manipulations and subsequent irrigation, up to 6 % of the water is evaporated (Dynesius and Nilsson, 1994) . A total of 52 % of the surface area connected by large river systems (discharge over 350 m 3 s -1 ) is heavily modified. The decline in freshwater biodiversity is associated with this heavy impact on the global water cycle (Sabater, 2008) . The alterations of the hydrologic regime directly affect the availability of water, which is the essential environment for many riverine species and an important force shaping habitats both in the channel and on the floodplain . Direct or indirect effects on the hydrologic regime will become all the more critical as population increase (upto 8.9 billion people in the world by 2050; Cohen, 2003) , together with the associated rising demand for water (Gleick, 2003) . In most cases the frequency, timing and magnitude of floods and droughts in impaired rivers are altered, what has detrimental consequences for organisms adapted through natural selection to the natural water regime. In the most extreme cases, abusive water abstraction dries out entire river sections wiping out the services they provide and the biodiversity they harbor. Such 'silenced' rivers are the paradigm of an impaired ecosystem. The number of these rivers is expected to increase with the pressure on water resources, though the distribution of these pressures among various areas of the globe will remain uneven, and so will be the effects on river ecosystems and their biodiversity. Humans have also wrought profound changes upon the physical structure of river channels, impairing their lifesupporting architecture . Natural river channels are complex and dynamic, and river species are adapted to and depend upon these characteristics for survival. The technological capacity of humans has often conflicted with the natural flooding and wandering of rivers, and has paved the way to huge investments of damming, building levees, channelizing, of otherwise controlling channel form and mobility. Many rivers are today an extremely simple versions of the complex and dynamic ecosystems they once were, and biodiversity and ecosystem functioning are consequently profoundly compromised. Pollution is an epidemic threat to rivers. Sometimes pollution can be caused by natural substances when they appear in too high concentrations. This is the case of nutrients, essential elements for primary producers such as algae and other plants, but that in too high concentrations produce fouling of water, lack of oxygen, and declines in biodiversity (Stevenson, 2011) . Human activities have caused an enormous increase in the amount of nutrients circulating worldwide, either through diffuse sources such as agricultural fertilizers, or through point or end-of-pipe sources such as urban wastewater (Heathwaite, 2010) . Other pollutants are more insidious, as they are novel substances, synthesised by humans for various purposes, but which nevertheless end up in rivers. This is the case of pharmaceutical drugs, pesticides, and other substances with potentially powerful biological effects, which are frequently detected together with their degradation products. These so-called emerging pollutants pose a large challenge to science and environmental management, as very little is known on their action mechanisms in the biota, on their mobility and accumulation in food-webs, nor on their interactions in complex mixtures (Petrovic et al., 2002) . Depending on their chemical characteristics, many pollutants remain dissolved or are stored in the sediments. Others are more volatile, and cross entire watersheds to areas far from where they were originally released (Nizzetto et al., 2010) . The pollutants volatilize in warm areas and are deposited in cooler localities. The high concentrations of pollutants detected in apparently pristine regions like the Arctic or high-mountain areas show the pervasive effect of human actions, and the need for global responses to the current threats (Ross et al., 2000) . Costs of river pollution in the USA have been estimated to range between 2.2 and 4.6 billion US dollars per year in the United States alone (Dodds et al., 2009) , even without taking in account the costs of environmental degradation. The impacts stressors may produce on organisms and ecosystems depend on their intensity, timing and duration (Stevenson and Sabater, 2010) . There is a hierarchy of stressors according to their intensity, frequency and scale, and their effects range from transient to irreversible. Some stressors operate at small spatial scales, such as excess nutrients, or pollutants. The temporal scales at which stressors affect organisms and ecosystems are also different. Short stresses such as toxic pulses can produce effects on organism physiology or in community composition, but most of these will likely be transient. Large-scale stressors will instead produce more persistent effects on organisms, whose responses will progressively transmit from individuals to populations, communities and ecosystems. However, most ecosystems are exposed simultaneously to several stressors, in the so-called multiple-stress situations. Rivers offer prime examples of ecosystems threatened by multiple stressors (Fig. 1) . The hierarchical arrangement and complexity that characterize river systems make the interactions between stressors especially complex. The effects may be synergistic, and are certain to be further amplified by changes in the global water system driven by climate change, with likely detrimental consequences for river ecosystem structure and functioning (Milly et al., 2008; Ferguson and Maxwell, 2012) . Even though the above list of threats is by no means fully comprehensive, it should be stressed that they affect both biodiversity and human water security. The exhaustive analysis made by Vörösmarty et al., (2010) on human access to water and on risks for biodiversity worldwide, produces amazing coincidences. Those areas having the higher risks for humans are also those where the biodiversity is at its stake.
Status of rivers across the world
Rivers are perhaps the most endangered ecosystems on the Earth, and their biodiversity is declining faster than its terrestrial or marine counterparts (Dudgeon, 2013) . As species are being lost, serious concerns are raised on their effects on ecosystem functioning -an important field of current scientific research. A fundamental question for scientists is how much biodiversity can be lost without seriously compromising natural processes? Although some general principles have emerged (Hooper et al., 2005) , there is still much debate on the relationship between biodiversity and ecosystem functioning. The 'conventional' view, also called the diversity-stability hypothesis, states that as we lose species ecosystem function is affected proportionally. A second possibility (the redundancy or rivet hypothesis) is that loss of species has no effect on function until some critical threshold below which ecosystem functioning fails. A third possibility, called the idiosyncratic hypothesis, holds that there are no general rules, that functioning may be unaffected by the loss of certain species, but greatly impacted by the loss of others. According to this hypothesis some species would be more important than others. Amongst these may be top predators, which, by predating disproportionately on some prey species affect food webs, and ultimately ecosystem functioning, or species that actively modify habitats, like the beaver, whose dams create ponds and reduce the downstream transport of material. Whatever the case, it is becoming clear than the biodiversity necessary to maintain ecosystem processes increases with the number of processes considered (Hector and Bagchi, 2007) . A related point is that the magnitude of variability in ecosystem processes increases when species are lost and this tends to reduce the likelihood that multiple ecosystem functions can be sustained (Peter et al., 2011) . In most parts of the world's watercourses, particularly dramatic modifications have occurred as a consequence of their intensive use by human societies (Sala et al., 2000) . Typical examples of these changes include the elimination of meanders, lagoons and oxbows, while water is increasingly transferred between catchments. The simplification of the channel network and the alteration of water fluxes have an impact upon the capacity of fluvial systems to recover from disturbances, because of their irreversible character. Hydrological connectivity is at the base of river conservation (Fig. 2) . Even though connectivity is not a unique characteristic (and its potential loss a unique problem) of river ecosystems, it is especially complex in relation to other ecosystems. In rivers, connectivity is linked to hydrological paths, and is therefore conceived at multiple dimensions (lateral, vertical, longitudinal; Ward, 1994 ) that should be considered in management and conservation efforts. A corollary for this multipledimensioned connectivity of rivers is that protection of a given species, habitat, or river segment cannot be focused on a single location, but needs to include upstream and downstream reaches, the riparian zone or the floodplain. There are large differences between regions regarding the rate, intensity and the nature of change affecting rivers and their biodiversity. The tropics, which harbour some of the most diverse and least-known ecosystems in the world, suffer high rates of habitat destruction, often associated with rapid increase in human population (Sala et al., 2000) . Also there are large differences in regulation and policy between countries. In North America and Europe large investments in environmental policies and implementation of relevant legislation have been made. Other regions of the world are in different stages of policy implementation, and therefore local impacts may be much higher. At the global scale, local improvements are often based on the relocation of highly-impacting activities to countries where environmental standards are less strict, providing a low net balance. On the other hand, water policies are often brought about by economic investment in water treatment rather than by prevention of impacts on freshwater ecosystems (Barceló and Sabater, 2010; Vörösmarty et al., 2010) , and the result is a gradual depletion of biodiversity and homogenization of river ecosystems.
What needs to be done?
Because water is a multi-user resource, societal and political interests often become entangled with river management and conservation. Very often, the water issue becomes a conflict between human uses and nature conservation, with the usual outcome that consideration about which human uses to satisfy take precedence, whatever the cost for nature. The most significant challenge for river conservation is to meet the legitimate aspirations of growing human populations for a clean, readily available supply of water, without compromising the water needs of ecosystems and nature . As previously argued, effective river conservation needs to take a landscape perspective since rivers depend crucially on processes occurring in their riparian areas and on connectivity with the land and across the river network. This is not a new perspective. Almost 40 years ago, the seminal paper of Noel Hynes (1975) stressed the influence of the valley on the river. This reminds us that it is necessary to cast the spotlight away from the water alone and shifting to the surrounding landscape to make an effective conservation. Although species that have become extinct are gone forever, part of the damage done to freshwater ecosystems is potentially reversible (Röckstrom et al., 2009) . Visible signs of this include the dramatic improvement of water quality in many European rivers (Tockner et al., 2009) , and the rise of citizen stewardship related to river conservation in several countries . Rivers are especially resilient ecosystems: pollutants tend to be diluted and washed downstream much Acta biol. Colomb., 19(1):3-10, enero -marzo de 2014 -7
Balancing Conservation Needs with Uses of River Ecosystems faster than they disappear from soils, and river biota, shaped by natural selection in a highly variable environment, shows remarkable resilience and, so long as connectivity within rivers is maintained, rapid re-colonisation ability. Recovery of degraded rivers also requires alleviation of human stressors or pressures upon them, which demands both scientific understanding and, perhaps more importantly, political will . One possible avenue for effective conservation is to increase efforts in river restoration. Ecosystem restoration is an activity devoted to recovering lost structure and functions, and thus, should not be confounded with 'gardening' river margins in urban areas, as it often is. Instead, river restoration should focus on recovering the dynamic characteristics of rivers, characteristics that include the lateral mobility of the channel and the capacity to flood the floodplains, upon which many important ecological features and ecosystem functions depend (Palmer et al., 2005) . But to what state should a river be restored? As we go further back in time, we have less precise information on the state of the river, and must face the possibility that land-use transformation, the establishment of non-native or invasive species, and climate shifts may make it impossible to restore the river to its original state. In such circumstances, it may be more appropriate to aim at river rehabilitation: i.e. changing the condition of the river to an extent that some ecological functionality can be maintained and some enhancement of biodiversity brought about . Irrespective of whether the goal is river restoration or rehabilitation, conservation and management practices must be integrated within a landscape framework. As mentioned above, river conditions are product of activities within their drainage basins, and the solution to problems at one locality within the river network often lies some distance away within the catchment or upstream. The landscape framework is necessary not only when addressing pollutants originating in the drainage basin. River architecture imposes special constraints upon the movement of aquatic animals, which has important implications for the long-term viability of populations. For instance, when any factor causes the loss of a given species in a particular reach, the population of this species can sometimes recover if there are upstream sources of colonists. Therefore, the presence of barriers can produce far-reaching impacts by blocking animal migration. The present environmental crisis cannot be attributed to a lack of knowledge. Indeed, it could be argued that it is rather a product of a failure to apply the knowledge that already exists. Nevertheless, many scientific questions remain to be addressed. There is an urgent need to gain knowledge of the effects and fate of the many toxic compounds (pharmaceuticals, cosmetics, and a host of pesticides and other chemicals) that are being added to inland waters globally, so as to better understand their effects on humans and ecosystems. We need better knowledge on the transport and fate of pollutants in the biosphere, of their bioaccumulation and of their interactions. We also need deeper understanding of biodiversity and its relationship to ecosystem functioning and the benefits enjoyed by humans since, at present, the function and ecological role of the vast majority of species remains unknown. This is particularly so for the microorganisms (Peter et al., 2011 ). An entirely different challenge is posed by the need to enhance river restoration and rehabilitation efforts: we must define ways to restore the dynamism of fluvial channels, so as to provide the appropriate conditions to maintain biodiversity and ecosystem functioning, and to do so in a highly modified human-dominated landscape. Maintaining the spatiotemporal variability of river ecosystems (e.g. the annual flood cycle), to which the native biota are adapted, provides one of the best defences against the invasion by exotic or non-native species. It is also necessary to find ways of connecting populations of animals that have been fragmented by dams or by highly altered river reaches. Environmental water allocations (e-flows) for rivers must also be defined so as to meet the needs of intact ecosystems while, at the same time, satisfying human needs for water. This will be a major challenge in more arid regions. Above all, it is essential to demonstrate and convey the importance of freshwater biodiversity to ecosystem functioning, as well as the need to protect both that diversity and the benefits accruing to humans. Arguably, awareness of citizen and decision makers is a key issue. To date, however, public perception of the importance of freshwater biodiversity, and the need to protect it, falls far short of what conservation biologists wish for, and fuller engagement of the scientific community will be needed to translate our good intentions into the necessary action by public stakeholder groups. Success in that regard will require an innovative combination of scientific knowledge, political conscience and economic perspicacity with societal willingness and environmental ethics .
